Isolation and enrichment of cells from a diluted sample is necessary for different clinical applications. Here we have demonstrated the use of 3D carbon electrode dielectrophoresis (DEP) to process a diluted yeast sample featuring concentration as low as 10 2 cells/ml. The yeast cells in the sample were first trapped on carbon electrodes by implementing positive DEP force and then released concentrated in a small volume of clean buffer. The maximum limit of the cell trapping for our device was found to be around 4000 cells. Using 10 µl/min, an enrichment of 154.2 ± 23.7 folds was achieved, where sample of 10 2 cells/ml concentration was enriched up to 4 X 10 4 cells/ml. Upon increasing the flow rate up to 30 µl/min, the enrichment dropped down to 18.4 ± 4 folds due to the increase of drag force, though the enriched concentration around 10 4 cells/ml was still achieved.
Introduction
Cell enrichment and purification from a diluted sample volume are important steps in a number of clinical and environmental assay. One of the immediate applications is the identification of the blood pathogens which are generally present in the whole blood at a concentration of 1-100 cells/ml in the earlier stage of infection. In a typical clinical setting, around 30 ml of blood is taken out from the patient's body and inoculated in a suitable culture media to allow the pathogenic cells to replicate to reach at least a concentration of 10 3 copies/ml which is necessary for detection with commercially available biosensors. The culturing method requires days to weeks to reach up to the specific concentration to facilitate detection. But in some cases, at this point the patient is already compromised. Hence timely isolation and enrichment of few pathogenic cells from a diluted sample can make it possible to complete the whole process from blood collection to detection in few hours. Consequently the administration of proper antibody can be started to eradicate the replication of the pathogenic cells and prevent sepsis.
The present state-of-art for cell isolation and enrichment include Fluorescence Activated Cell Sorting (FACS) and Magnetic Activated Cell Sorting (MACS) which are highly sensitive and capable of sorting 50,000 cells/min. The disadvantages of these marker specific cell sorting methods are high cost and complex set up which requires specialized personals to perform the cell sorting. Also the flow rate used in these methods is low and these methods require at least 20 hours to sort and enrich low abundance cells from a large sample volume [1, 2] . Several other label-free techniques including micropillar sieving [3] , free-flow electrophoresis (FFE) [4] and dielectrophoresis (DEP) [5] have been also employed for the enrichment of biological cells from diluted samples. Recently DEP has been becoming popular in research community as a powerful label free technique for manipulation, isolation and purification of bioparticles including bacteria, DNA and infected cells from whole blood [6] [7] [8] . The DEP force depends only on the dielectric properties of the targeted cells, hence it does not need any pre-labelling step. The fabrication of DEP device is also inexpensive in comparison to FACS and MACS. Use of 3D electrodes makes it possible to achieve high separation throughput of the device.
In this work we use 3D carbon electrode dielectrophoresis to process a large volume of yeast sample which features low concentration of yeast cells (10 2 -10 3 cells/ml). We isolate the yeast cells from the sample and concentrate the isolated cells in a small volume of clean buffer to enrich the cell concentration. We determine the maximum cell trapping capacity of our DEP device and present the enrichment capability of the device for different cell concentration of initial sample. We further explore the effect of different flow rates on the enrichment for the concentration of 10 2 cells/ml.
Theory
DEP can be defined as the translational movement of a dielectric particle in a media upon interaction with a non-uniform electric field [9] . The DEP force ( DEP F ) on a spherical particle of radius r can be expressed as:
where, m ε represents the permittivity of the media, represents the opposite incidence where the particle move towards the lower or zero electric field and this incidence is defined as negative DEP (nDEP). For a flow through experiment, the positive DEP force must be higher than the hydrodynamic drag force to implement particle trapping on the electrodes.
Materials and Methods
Fabrication of the Device:
The device used in this work contains 3D carbon electrodes featuring 100 µm height and 50 µm diameter. These 3D carbon electrodes were fabricated by two step photolithography of SU-8 (Gersteltec Sarl, Switzerland), a negative photoresist, on a silicon substrate followed by a heat treatment at 1000 °C in constant nitrogen flow. The details of the fabrication is reported elsewhere [6] [7] [10] [11] [12] . The carbon electrodes were then integrated with a microfluidic channel, fabricated in a double sided pressure sensitive adhesive (PSA), and a pre-drilled polycarbonate cover [13] . The assembly was then roll-pressed with a laminator to seal the device. The fabrication process is illustrated in the Figure 1 . A cell culture of Saccharomyces cerevisiae (Yeast, Sigma Aldrich, USA) in 0.1 M phosphate buffer saline (PBS) was grown overnight to a concentration of 10 7 cells/ml. An aqueous buffer solution containing 0.1% bovine serum albumin (BSA), 8.6 wt% sucrose and 0.3 wt% of dextrose was used here as the experimental media for DEP. The experimental sample was obtained by pelleting the cells using centrifugation at 5000 rpm for 5 minutes followed by washing and re-suspending them in the buffer solution. Dilution with the buffer solution was used to achieve the cell concentration of 10 2 -10 6 cells/ml.
Experimental Procedure:
The DEP device was placed in an in-house made platform to integrate the fluidic and electric connection with the DEP device. A sinusoidal AC signal with 20 Vpp magnitude and 100 kHz frequency was used to stimulate the carbon electrodes to implement positive DEP force. A sample volume of 500 µl was flowed through the DEP chip when we processed the sample having concentration of 10 3 -10 6 cells/ml. We chose to flow 4 ml for the sample with concentration 10 2 cells/ml, as at least 200 cells were necessary for direct cell counting on the hemocytometer (Hausser Scientific, USA) used here. After processing the sample, 100 µl of the clean buffer was flowed through the channel to wash the trapped cells as the electrodes were still polarized. After the wash, the polarizing signal was turned off. The trapped cells were carried away with the buffer and retrieved at the end of the device. A constant flow rate was maintained throughout the whole experiment. Fractions of 20 µl were collected at the end of the device at different times of the experiment and analyzed for cell concentration. Three experiments were performed for each of the cell concentration.
Results and Discussion
The results for the experiments with different cell concentrations are presented in Figure 2a . Cell concentrations for 9 fractions were plotted. The control fraction represents the initial sample cell concentration. During the fractions labelled as Washes 1-4, the carbon electrodes were polarized for particle trapping. Hence negligible cell concentration was expected in these fractions. Fractions labelled as Elutes 1-4 were collected just after the electric field was turned off for cell release from the electrodes. Investigation of these fractions shows some interesting facts. Around 4000 cells were retrieved in the 80 µl of the elute fractions for the experiments with sample having concentration of 10 5 and 10 6 cells/ml, whereas around 45000 and 310000 cells were processed respectively. Upon retrieval of these cells in small volume fractions, highest cell concentration in the order of 10 5 cells/ml was obtained in the fraction Elute 1. Hence the saturation limit on cell trapping and concentration of retrieved cells for this specific experimental set up can be considered as 4000 cells and 10 5 cells/ml respectively. Almost 100 % retrieval of the incoming cells were achieved when we processed the sample having concentration 10 4 -10 2 cells/ml. For these samples, an enriched fraction can be observed at Elute 1. A cell enrichment up to 10 5 cells/ml was achieved when we processed the sample with 10 4 cells/ml concentration. For the experiments with 10 3 and 10 2 cells/ml concentration, the cell concentration at the fraction Elute 1 was obtained around 4 X 10 4 cells/ml. The enrichment in this work is quantified according to the Equation 4. . .
.
Conc Cell Control
The experiment with concentration 10 6 cells/ml resulted in negative enrichment which could not be plotted in the logarithmic scale of enrichment vs control cell concentration graph as shown in Figure 2b . Cell enrichment obtained for the experiment with 10 5 cell concentration is negligible. A cell enrichment of 11.2±3.3 folds was achieved when we processed the sample with 10 4 cells/ml concentration. Around 1800 ± 481 cells which were originally suspended in 500 µl of the sample were retrieved and concentrated in 20 µl clean buffer. The experiments with 103 cells/ml resulted in enrichment of 19.4 ± 2.5 folds, as around 684 ± 85 cells out of 850 ± 316 cells originally present in 500 µl sample were concentrated in the fraction Elute 1. For the sample with 10 2 cells/ml cell concentration, we were able to achieve an enrichment of 154.2 ± 23.7 folds. It should be noted that, our device was capable of concentrating around 816 ± 125 cells out of 1052 ± 380 cells originally present in 4 ml of media in just 20 μl of clean buffer. The total processing time for the sample having 10 2 cells/ml concentration was around 7 hours. In order to minimize the processing time, we repeated the experiments for 102 cells/ml concentration with the flow rates of 20 µl/min and 30 µl/min and investigated the effect of flow rates on the cell enrichment. The results for different flow rates were presented in Figure 3a . The increase in the flow rate enhances the drag force on the cells and results in less DEP trapping. Hence, less cell concentration in Elute 1 was achieved with the increasing flow rate. But it should be noted that the cell concentration at Elute 1 was enriched up to 10 4 cells/ml even with the flow rate of 30 µl/min. Though the processing time was shortened significantly with the increasing flow rate, the enrichment also dropped drastically as shown in Figure 3b . The enrichment dropped down to 77.2 ± 16 folds as the flow rate increased to 20 µl/min. But the total assay time also decreased to 3 hours 30 minutes. As the flow rate further increased to 30 µl/min, the enrichment dropped to 18.4 ± 4 folds and the entire experiment could be completed in 2 hours 30 minutes.
Conclusion
In this work, isolation and enrichment of a small population of yeast cells has been successfully demonstrated using 3D carbon electrode dielectrophoresis by processing a large sample volume. Using the cell concentration of 10 2 cells/ml, an enrichment up to 154.2 folds could be achieved by implementing the flow rate of 10 µl/min. The enrichment value decreases rapidly with the increase in the flow rate. An enriched fraction up to 10 4 cells/ml concentration can be still achieved using the flow rate of 30 µl/min in just 2 hour 30 mins. Enrichment of yeast cells be a useful prototype for isolation and enrichment of pathogenic yeast cells such as C. albicans, C. glabrata, C. parapsilosis, C. tropicalis and C. krusei which are responsible for invasive candidemia. Candidemia has been emerged to be a serious issue for hospitalized patients and responsible for 25-60% of the overall mortality [14] . The frequency of these Candida species of yeast cells in a sample is 10-100 cells/ml [15] . By using the enrichment method by 3D carbon electrode DEP, we would expect to achieve an enriched fraction volume of Candida cells up to 10 4 cells/ml concentration in few hours, which can be used for identification either by biosensors or polymerase chain reaction. 
